In this study, we investigated the development of a computational fluid dynamics (CFD) model for simulating the physical and chemical processes in a zinc (Zn)-air fuel cell. Theoretically, the model was based on time-dependent, three-dimensional conservation equations of mass, momentum, and species concentration. The complex electrochemical reactions occurring within the porous electrodes were described by the Butler-Volmer equation with velocity, pressure, current density, and electronic and ionic phase potentials computed in electrodes. The Zn-air fuel cell for the present study comprised of four major components, such as a porous Zn anode electrode, air cathode electrode, liquid potassium hydroxide (KOH) electrolyte, and air flow channels. The numerical results were first compared with the experiments, showing close agreement with the predicted and experimental values of the measured voltage-current data of a single Zn-air fuel cell. Numerical results also exhibited mass fraction contours of oxygen (O 2 ) and zinc oxide (ZnO) in the mid-cross-sectional plane. A parametric study was extended to assess the performance of a Zn-air fuel cell at various cathode and electrolyte parameters.
Introduction
In order to meet the increasing requirements of reduced emissions and higher energy demand, there has emerged a need for exploiting metal-air batteries as important alternatives to conventional power sources [1] . Extensive endeavors have been made to develop the process of generating electricity by directly converting chemical energy in metals to electrical power. Compared to other metal-air-based batteries, Zn is considered the best due to the following benefits over other metals: low equilibrium potential with respect to hydrogen, relatively long-term stability in aqueous electrolytes, electrochemical reversibility, high volumetric energy density, environmentally friendly nature, cost-effective production, and ease of storage and handling [2, 3] . These merits render Zn uniquely suitable for the design and manufacture of high energy density and high power regenerative batteries from a material standpoint [4, 5] . For the specific category of rechargeable fuel cells, the battery is charged by mechanically removing spent Zn and resupplying a fresh Zn anode, and a separate fuel tank is employed to regenerate the Zn fuel by chemical electrolysis during standby periods [6] . The design of this type of fuel cell emphasizes the application of electric vehicles which have been widely investigated since 1970s [7] [8] [9] .
Understanding of the correlation between operative parameters and chemical conditions as well as their contribution to the performance of Zn-air batteries is a crucial step in the rational designing of an efficient configuration. To address this issue, several theoretical simulations of Zn-air batteries have been discussed in the literature, most of which are based on the general and macroscopic models for porous electrodes [10, 11] . Subsequently, numerical simulations with one-dimensional [12] and two-dimensional [13] models have been conducted to investigate Zn electrode redistribution by evaluating the occurrence of a highly nonuniform reaction distribution during high-current discharge. The Zn-ZnO redistribution blocks the electrode pores, thereby causing a low discharge capacity for repeated cycling, which is a significant drawback in Zn-air batteries.
The durability of the Zn-air battery has been one-dimensionally modeled, considering the effects of ZnO precipitates [14] [15] [16] [17] . The improved models were used to analyze the experimental discharge behavior of Zn-air batteries, involving the effects of a microporous separator and a porous air cathode [14] . Another model that was combined with a dilute solution approach [15] has achieved good agreement with galvanostatic experiments where the charging-discharging behavior of an electrically rechargeable Zn-air battery was investigated. Additionally, a model that can consider the application of measured values on the cathode surface area and thickness has been reported to more realistically predict discharge performance [16] . Stamm et al. have reported that the correlation between nucleation of ZnO, diffusion of reactants through ZnO, and the characteristic features in discharge curves was obtained by a one-dimensional model. In that, the electrolyte transport model was related to rational thermodynamics and it emphasized diffusion, migration, and convection [17] . On the other side, the effect of the air composition and atmospheric carbon dioxide on the battery's cycle performance has been explored without resolving the nonuniform reaction distribution of the Zn anode. The model confirmed the reduction of lifetime due to carbonization of the alkaline electrolyte [18] .
Several numerical models have been developed to describe the operations of Zn-air batteries. However, the current models reported in literatures have insufficient information regarding the full system design. Enhanced performance of the fuel cell can be attained through proper control of the mass distribution, porosity, and effective surface area of the Zn metal anode, as well as electrolyte concentration, gas diffusion layer, and catalyst layer. In particular, few physical and chemical complexities are involved in the peculiar flow field. In order to make a Zn-air fuel cell more progressive, an in-depth understanding of the extensive operative parameters is necessary. Therefore, the present paper aims to develop a comprehensive computational approach for predicting the performance of a Zn-air fuel cell by the implementation of various sophisticated porous media treatments, comprising of heat and mass transfer electrochemical reactions via Butler-Volmer kinetics [19] and current continuity equations in porous media. Thus, these models can effectively achieve satisfactory calculations of electrode overpotential, cell voltage, and current density for the energy transfer process [19] [20] [21] [22] . Contemplating the multifaceted flow nature in a fuel cell, simulations by computational fluid dynamics (CFD) code can be very useful as an effective design tool to circumvent expensive experiments or by narrowing down the range of parameters for the experiments, thus rendering the study more cost effective. Avoiding inherent difficulties during the simulation of the complex physical and chemical mechanisms of Zn-air fuel cells involving the strong coupling between fluid flow, heat transfer, electron transport, mass transport, and electrochemical reactions was very crucial. For this purpose, a commercial CFD software, CFD-ACE+ ® (V2004, ESI CFD Inc., Huntsville, AL, USA), was employed for numerical simulation [23] . Validation of the present theoretical formulation involved the comparison of the polarization curve with the measured data for a single-cell Zn-air fuel cell module. Numerical experiments were conducted to assess the discharge characteristics of Zn-air fuel cells of different designs and operational parameters. These included the volume fraction of void space present in the catalyst layer, gas channel width, and, finally, the porosity and thickness of the gas diffusion layer.
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Results and Discussion

Model of Zn-Air Fuel Cell
A complete fuel cell is an inherently complex system and it requires some simplifying assumptions to design a numerically tractable model for simulating the physical and chemical processes in a Zn-air fuel cell. The theoretical model of the present study had the following assumptions: (i) steady-state operation of the fuel cell; (ii) uniform and constant temperature in the fuel cell over the solution domain; (iii) the gas diffusion layer (consisting of carbon black) and the catalyst layer in the cathode side as well as the Zn electrode in the anode side were homogeneous, isotropic porous media; (iv) the gas flow in the gas channel and the porous layers in both anode and cathode sides was laminar and compressible, with a flow motion having insignificant buoyancy effects; and (v) constant electrochemical and thermodynamic properties of the gases, liquids, and solid materials of the fuel cell components. A single Zn-air fuel cell with parallel straight channels on both the anode and the cathode carbon plates is schematically represented in Figure 1 . The photographs of the fuel cell are shown in Figure 2a and the schematic diagram of the experimental setup adopted in the present study is portrayed in Figure 2b .
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Results and Discussion
Model of Zn-Air Fuel Cell
A complete fuel cell is an inherently complex system and it requires some simplifying assumptions to design a numerically tractable model for simulating the physical and chemical processes in a Zn-air fuel cell. The theoretical model of the present study had the following assumptions: (i) steady-state operation of the fuel cell; (ii) uniform and constant temperature in the fuel cell over the solution domain; (iii) the gas diffusion layer (consisting of carbon black) and the catalyst layer in the cathode side as well as the Zn electrode in the anode side were homogeneous, isotropic porous media; (iv) the gas flow in the gas channel and the porous layers in both anode and cathode sides was laminar and compressible, with a flow motion having insignificant buoyancy effects; and (v) constant electrochemical and thermodynamic properties of the gases, liquids, and solid materials of the fuel cell components. A single Zn-air fuel cell with parallel straight channels on both the anode and the cathode carbon plates is schematically represented in Figure 1 . The photographs of the fuel cell are shown in Figure 2a and the schematic diagram of the experimental setup adopted in the present study is portrayed in Figure 2b . A Zn-air single fuel cell model was developed using the computational fluid dynamics code CFD-ACE+ ® . Numerical calculations were conducted for the validation of the theoretical formulation and thereby comparisons with the predictions for performance evaluations were made. The numerical grids of a single Zn-air fuel cell with the stereogram, front and side view for performance predictions, are shown in Figure 3 . The mesh system was mainly composed of four structured sections, including the porous Zn anode electrode, air cathode electrode, liquid potassium hydroxide (KOH) electrolyte, and air flow channels. For resolving steep variations of flow and species properties, finer grids were placed in the regions inside the porous Zn plate and near the solid wall boundaries with a small spacing of~75 µm. The ionic conductivity of the liquid KOH electrolyte as a user subroutine was coded using a subprogram with the Fortran language. It can be linked into the CFD-ACE+ ® computer software for electrochemical analysis. To examine the power generating process of a Zn-air fuel cell, numerical calculations were performed on the total number grids of 474,062, 592,578, and 711,094 points for one cell. The results specified that satisfactory grid independence can be attained by using a mesh of 592,578 grids for the polarization curve prediction. When the normalized residuals for each primary variable dropped well below 10 -4 with the mass conservation check within 0.5 %, the computation was considered as converged. Around 150 h of central processing unit (CPU) time on an Intel-Core2 Duo E6750-2.66 GHz (manufactured by Intel, Intel Corporation, Santa Clara, CA, USA) personal computer was typically required for a complete simulation towards a stable value of power density.
Energies 2018, 11, x 4 of 13 A Zn-air single fuel cell model was developed using the computational fluid dynamics code CFD-ACE+ ® . Numerical calculations were conducted for the validation of the theoretical formulation and thereby comparisons with the predictions for performance evaluations were made. The numerical grids of a single Zn-air fuel cell with the stereogram, front and side view for performance predictions, are shown in Figure 3 . The mesh system was mainly composed of four structured sections, including the porous Zn anode electrode, air cathode electrode, liquid potassium hydroxide (KOH) electrolyte, and air flow channels. For resolving steep variations of flow and species properties, finer grids were placed in the regions inside the porous Zn plate and near the solid wall boundaries with a small spacing of ~75 μm. The ionic conductivity of the liquid KOH electrolyte as a user subroutine was coded using a subprogram with the Fortran language. It can be linked into the CFD-ACE+ ® computer software for electrochemical analysis. To examine the power generating process of a Zn-air fuel cell, numerical calculations were performed on the total number grids of 474,062, 592,578, and 711,094 points for one cell. The results specified that satisfactory grid independence can be attained by using a mesh of 592,578 grids for the polarization curve prediction. When the normalized residuals for each primary variable dropped well below 10 -4 with the mass conservation check within 0.5 %, the computation was considered as converged. Around 150 h of central processing unit (CPU) time on an Intel-Core2 Duo E6750-2.66 GHz (manufactured by Intel, Intel Corporation, Santa Clara, CA, USA) personal computer was typically required for a complete simulation towards a stable value of power density. 
Comparison of Simulation and Experiment
Electrochemical characteristics such as the open circuit voltage, voltage-current density, and power density-current density discharge curves of the Zn-air fuel cells were analyzed with the aid of an electrochemical analyzer. The open circuit voltage was measured directly by the voltmeter when the galvanoscope was not connected on to any external resistance (open circuit condition). The cell was discharged at different constant currents at room temperature. The cell was operated at an open circuit condition for 30 h at room temperature and the open circuit voltage was measured. The operational and geometrical conditions in the simulation were consistent with the experimental module. Figure 4 exhibits a comparison of numerical predictions with measured voltage-current data of a single Zn-air fuel cell. The cathode/anode interface area was approximately 375 cm 2 , and the cell operation temperature was maintained at 27 • C with the electrolyte concentration of 60 wt % KOH. In practice, the typical operating voltage of the Zn-air fuel cell was fixed at 0.8 V. It was observed that the prediction was in good agreement with the measured current density value of 112 mA/cm 2 at the voltage of 0.8 V with the corresponding error of 5.8%. The voltage losses in a polarization curve at the start, center, and end parts were due to activation resistance, ohmic losses, and mass transport limitation inside the cell components, respectively. In general, the model prediction agrees reasonably well with the experimental data, indicating that the present theoretical model can simulate the performance characteristics of the single Zn-air fuel cell with a satisfactory accuracy. The simulations can also be used to provide detailed insight into various transport mechanisms and their interactions.
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(a) (b) Figure 7 illustrates the effect of the oxidant concentration on cell performance. The monotonously decreasing curves denote the polarization curves. The oxidant concentrations were 21% and 99%, whereas the oxidants of the former and latter cases represented air and pure O2. The cell performance with 99% oxidant concentration was better than that with 21% oxidant concentration under a broad range of the current density up to 180 mA/cm 2 . Nitrogen in the air might have functioned as the diffusion resistance to counteract O2 in the catalyst layer and water in the cathode gas channel, thus resulting in a lower limiting current density. During operations, the air flow velocity of the oxidant was a crucial factor affecting cell performance. Figure 8 depicts the effect of air flow velocity on the current density of a single Zn-air fuel cell. Regarding air serving as the oxidant gas, an increase of the air flow velocity might have led to the increase of the current density (and cell performance) in the flow velocity, which ranged from 0.01 to 0.5 m/s. Nevertheless, the O2 concentration was decreased due to inadequate oxidation by the Zn in the electrolyte as the current density increased. The performance of the cell was effectively enhanced by the active reduction reaction due to the sufficient supply of O2 in the electrode catalyst as the air velocity increased to 0.5 Figure 7 illustrates the effect of the oxidant concentration on cell performance. The monotonously decreasing curves denote the polarization curves. The oxidant concentrations were 21% and 99%, whereas the oxidants of the former and latter cases represented air and pure O 2 . The cell performance with 99% oxidant concentration was better than that with 21% oxidant concentration under a broad range of the current density up to 180 mA/cm 2 . Nitrogen in the air might have functioned as the diffusion resistance to counteract O 2 in the catalyst layer and water in the cathode gas channel, thus resulting in a lower limiting current density. During operations, the air flow velocity of the oxidant was a crucial factor affecting cell performance. Figure 8 depicts the effect of air flow velocity on the current density of a single Zn-air fuel cell. Regarding air serving as the oxidant gas, an increase of the air flow velocity might have led to the increase of the current density (and cell performance)
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Methods
Theoretical Model
The theoretical model implemented in the ACE+ ® computer software was designed according to the time-dependent, three-dimensional conservation laws of mass, momentum, and species concentration. The electrochemical reactions within the porous electrodes were described using the Butler-Volmer equation and the simulations provided calculations for velocity, current density, pressure, and electronic and ionic phase potentials in the anode and cathode. The equations are given below:
Continuity equation:
Momentum equation:
Species concentration equation:
Here,  and k represent the porosity and the permeability of the porous layers, respectively,  denotes the fluid stress tensor, i J indicates the diffusion flux, and j S is the source term. Details of nomenclatures are listed in Appendix A. For those cases considering pure fluid flow across the gas channels, the values of  and k are specified as  = 1 and k = ∞, respectively. For describing the diffusion term in the species equation, the diffusion flux is denoted by
where M denotes the mixture molecular weight. In the operation of the Zn electrode, maintenance of optimal OH -concentration inside the cell is very important [24] . Therefore, a successful rechargeable Zn-air fuel cell had the design of a flow electrolyte, which effectively improved the Zn electrode durability [25] . Besides, when solid ZnO hindered the electrode performance, the complement of fresh electrolytes can postpone the electrode failure. An effective flow electrolyte design can enhance the electrolyte circulation to maintain stable KOH concentrations, thereby eliminating the formation of solid ZnO and maximizing the use of Zn electrode materials.
Methods
Theoretical Model
Here, ε and k represent the porosity and the permeability of the porous layers, respectively, τ denotes the fluid stress tensor, J i indicates the diffusion flux, and S j is the source term. Details of nomenclatures are listed in Appendix A. For those cases considering pure fluid flow across the gas Energies 2018, 11, 2185 9 of 13 channels, the values of ε and k are specified as ε = 1 and k = ∞, respectively. For describing the diffusion term in the species equation, the diffusion flux is denoted by
where M denotes the mixture molecular weight. The initial term denotes diffusion caused by the concentration gradients. The final three terms are the correction terms accounting for the porous medium in the Stefan-Maxwell relation in multicomponent species systems. The effective mass diffusivity D i,e f f for species i within the porous medium can be determined via Bruggemann's equation as follows [26] :
where D i indicates the mass diffusivity of species i, whereas χ stands for the Bruggemann coefficient of the porous layer with a typical value of 1.5. The term S j represents the source term of species j resulting from the electrochemical reactions in the porous Zn electrode and the catalyst layer, with Zn and O 2 consumed at the anode and the cathode, respectively. In the meantime, the anode reaction yields ZnO as a product. Thus, the source terms for different species are
and
where J a and J c indicate transfer current densities at anode and cathode, respectively, which are accessed via the Butler-Volmer equation as follows:
where the variables J a,re f and J c,re f are the reference transfer current densities (along with the concentration parameters γ a and γ c ) at the anode and the cathode. Additionally, α a and α c denote the charge transfer coefficients for the anode and cathode reactions, respectively. Y i,re f is the reference concentrations at which the exchange current densities are obtained. The electrode overpotential η can be explained as the difference between the electronic (or solid phase) potential φ S and the electrolyte (or ionic phase) potential φ F . In the calculations of a Zn-air fuel cell, the current conservation within any material under the assumption of electro-neutrality can be written as follows:
where I is the current density vector. Considering a porous electrode in a Zn-air fuel cell, the current flow may be divided into two parts: one passing through the liquid electrolyte (potassium hydroxide) to produce an ionic phase current I F , and the another one passing through the porous media to generate electronic phase current I S . Thus, it can be rewritten as follows:
The current transport in the ionic phase is due to the presence of ions, and in the electronic phase, it is because of the electrons. The transportation in each and every phase is directed by separate electric potential fields. According to Ohm's law, it can be modified as
where σ F and σ S indicate the conductivity of the ionic and electronic phases, respectively, whereas φ F and φ S denote the electric potentials of ionic and electronic phases, respectively. The current exchange between the ionic and electronic phase occurs due to electrochemical reactions. Meanwhile, the current is carried by ions and electrons in the ionic and solid phases, respectively. Thus, Equation (13) can be rewritten as
The effective surface-to-volume ratio, (S/V) e f f , denotes the ratio of the catalyst active surface area and the Zn electrode to its overall volume. Mathematically, Equation (14) represents two elliptic partial differential equations closely linked via the transfer current source term. The ionic phase electric potential φ F equation is determined in the catalyst layers and the KOH liquid electrolyte. The electronic phase electric potential φ S equation is defined in the catalyst layer and gas diffusion layer [26] . The gas diffusion layer, catalyst layers, and a porous Zn anode electrode functioned as conductors for electric currents. In practice, there are no electrochemical reactions in the gas diffusion layer and they occur only in the catalyst layers and porous Zn anode electrode. The ionic form of OHwas generated in the cathode catalyst layer and then migrated via the liquid electrolyte towards the porous Zn anode electrode to react with Zn for releasing electrons. The simulation parameters are listed in Table 1 . For the boundary treatment, the solid walls of the gas channel were impermeable, and consequently, ∂Y i /∂n = 0 and V = 0 on the walls. Due to the fact that both the gas channels and the liquid electrolyte were insulators against electrons, the normal gradient of the electric potential disappeared at the boundaries of these two components.
Experimental Apparatus
A Zn-air fuel cell employed in the present experiments comprised four major parts: a porous Zn anode electrode, an air cathode electrode, a liquid KOH electrolyte, and air flow channels. The porous Zn anode was 0.47 cm in thickness and employed a copper plate to conduct electrons, whereas the dimensions of the carbon-based air cathode, including the diffusion and catalyst layers, were 15 cm long × 12.5 cm wide × 0.13 cm high, with a cathode/anode interfacial area of~375 cm 2 . The concentration of the liquid KOH electrolyte varied from 30 to 65 wt %. The air stream was supplied by a fan and it passed via two 12.7 cm wide × 0.3 cm high rectangular-shaped channels and the flow velocity was measured by an anemometer (425 N). The channels were designed and constructed using acrylic plates, which were cut using a conventional milling machine. The length of the straight section of the rectangular channels was 15 cm. The geometrical parameters are listed in Table 1 . # Experimental design of this paper.
Conclusions
The discharge characteristics of a single Zn-air fuel cell module were examined using numerical calculations and experimental measurements. The experimental results demonstrated that during the validation of the present computer software, the calculated current-voltage curve was observed to be in reasonable agreement with the measured current densities for the operating voltage above 0.8 V. For a broad range of the current density values up to 180 mA/cm 2 , the cell performance with 99% oxidant concentration was higher than that with 21% oxidant concentration. This was due to the fact that nitrogen in air can oppose the diffusion process of O 2 approaching the catalyst layer. Meanwhile, when the flow velocity range increased from 0.01 to 0.5 m/s, the increase of air velocity resulted in an increase in the current density and cell performance. Nevertheless, at a specific voltage above 0.7 V, the KOH concentrations varying from 10 to 40 wt % enhanced the current density. These results obviously indicated that the numerical simulation models can not only be employed for the performance prediction of a Zn-air fuel cell with satisfactory accuracy but can also be used for feasible future applications of the technique. 
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